Pavlovian or classical fear conditioning is recognized as a model system to investigate the neurobiological mechanisms of learning and memory in the mammalian brain and to understand the root of fear-related disorders in humans. In recent decades, important progress has been made in delineating the essential neural circuitry and cellular-molecular mechanisms of fear conditioning. Converging lines of evidence indicate that the amygdala is necessarily involved in the acquisition, storage and expression of conditioned fear memory, and long-term potentiation (LTP) in the lateral nucleus of the amygdala is often proposed as the underlying synaptic mechanism of associative fear memory. Recent studies further implicate the prefrontal cortex-amygdala interaction in the extinction (or inhibition) of conditioned fear. Despite these advances, there are unresolved issues and findings that challenge the validity and sufficiency of the current amygdalar LTP hypothesis of fear conditioning. The purpose of this review is to critically evaluate the strengths and weaknesses of evidence indicating that fear conditioning depend crucially upon the amygdalar circuit and plasticity. q
Fear is considered a defensive mechanism that evolved because of its evolutionary success in protecting animals from danger. While fear to certain kinds of stimuli is innately hardwired (e.g. a loud noise evoking fear in newborn infants, a cat inducing fear in naïve laboratoryreared rats), fear can also be acquired rapidly and lastingly to different stimuli allowing animals to respond adaptively to new or changing environmental situations. In the laboratory setting, Pavlovian or classical fear conditioning has become the par excellence task for studying the anatomical, cellular and molecular bases of fear memory formation in the brain.
What is fear conditioning?
Fear conditioning occurs when initially innocuous conditioned stimulus (CS) is contingently paired with an aversive unconditioned stimulus (US) that reflexively activates unconditioned fear responses (URs) (Rescorla, 1968; Watson and Rayner, 1920) . Through CS-US association formation, the CS comes to elicit various conditioned responses (CRs) that share similar characteristics to innate fear responses. Perhaps the best-known example of fear conditioning is the Little Albert experiment by Watson and Rayner in 1920 (Watson and Rayner, 1920) . Little Albert was an 11-month-old infant who initially exhibited curiosity (and no fear) to a white rat by touching and playing with it. As Albert's hand touched the rat, the experimenters banged a steel bar with a hammer behind his head (US), causing him to startle, fall forward and cry (UR). Afterwards, when the rat (CS) was placed near Little Albert's hand, he withdrew his hand and began to cry (CR). This exhibition of fear towards the rat was alleged to have generalized to other white, furry animals and objects (e.g. rabbits, dogs, fur muffs).
Modern investigations of fear conditioning typically employ small mammals (such as rats, mice and rabbits) as experimental subjects and use a tone (or a light or an experimental chamber) as a CS and a mild electric shock (e.g. a footshock) as a US. Under these circumstances a small number of CS-US pairings produce robust fear learning as evidenced by a variety of fear responses exhibited upon subsequent presentations of the CS. It is important to note here that while most neurobiological studies employ simple temporal pairings (or contiguity) of CS and US to produce fear conditioning, it is the informational relationship (or contingency) between the CS and US that is the essential determinant of classical conditioning (Kamin, 1968; Rescorla, 1968; Wagner et al., 1968) . In rats, typical fear CR indices include freezing (or movement arrest) Blanchard, 1969, 1972; Bolles, 1970; Fanselow, 1984; LeDoux et al., 1986) , enhancement of musculature reflexes (e.g. potentiated startle) (Brown et al., 1951; Davis, 1997; Leaton and Borszcz, 1985) , analgesia (or decreased pain sensitivity) (Fanselow, 1986; Helmstetter, 1992) , 22 kHz ultrasonic distress vocalization (USV) (Blanchard et al., 1991; Lee et al., 2001b; Lee and Kim, 2004) , and alterations in autonomic nervous system activities (e.g. increased heart rate, blood pressure, respiration rate) Kapp et al., 1979; Stiedl and Spiess, 1997) . Because fear conditioning occurs very rapidly (capable with a single CS-US pairing) and with lasting effect, this task has become a popular behavioral tool for studying the cellular-molecular substrates of learning and memory (Davis, 1997; Lavond et al., 1993; LeDoux, 2000; Maren et al., 1996b) .
Fear can also be quickly acquired through instrumental or operant conditioning in which the presentation of an aversive stimulus is conditional upon the behavior of the animal. A widely employed procedure with rodents is the passive (or inhibitory) avoidance task (Grossman et al., 1975; McEchron et al., 2000; Nader et al., 2000; Nagel and Kimble, 1976) , in which the animal's response (e.g. entering a dark compartment of a box when placed in an adjacent lighted compartment, or stepping down from a platform onto a grid floor) is followed by a footshock. As a function of this response-stimulus pairing, the animal learns to avoid making the response that was followed by the aversive experience. While procedurally different, it is presumed that fear memories acquired via classical conditioning (i.e. conditioned fear) and instrumental conditioning (i.e. inhibitory avoidance) ultimately share a common neural substrate. However, as will be discussed later, these two lines of studies have often produced contradictory results.
Amygdala as the locus of fear conditioning
A large body of evidence from lesion, pharmacological and neurophysiological studies point to the amygdala (corpus amygdaloideum)-an almond-shaped group of nuclei buried deep within the temporal lobe-as the key neural system subserving fear conditioning (Davis, 1997; Fendt and Fanselow, 1999; Lavond et al., 1993; LeDoux, 1996) . As one of the principal structures of the limbic system (Isaacson, 1974) , the amygdala has long been implicated as a crucial emotive brain center in monkey studies (Kluver and Bucy, 1937; MacLean and Delgado, 1953; Weiskrantz, 1956) . Anatomically, the amygdala receives sensory inputs from diverse areas of the brain (e.g. thalamus, neocortex, olfactory cortex, hippocampus) and sends projections to various autonomic and somatomotor structures thought to mediate specific fear responses (e.g. bed nucleus of stria terminalis for activating stress hormones, periaqueductal gray matter for freezing, lateral hypothalamus for sympathetic activation) (LeDoux, 1996) . It is generally accepted that sensory information enters the amygdala through its basal and lateral nuclei (BLA) (Aggleton, 2000; LeDoux, 1996 ; but see Pare et al., 2004 for an alternative view) where CS-US association (or fear memory trace) formation is believed to take place (Fig. 1) . These nuclei are interconnected with the central nucleus (CeA), which is thought to be the main amygdaloid output structure sending projections to various autonomic and somatomotor centers involved in mediating specific fear responses. In the subsequent section, we will critically examine various types of experimental evidence indicating that the amygdala is the locus of fear learning and memory storage.
Evidence from lesion-inactivation studies
Permanent lesions of the amygdala effectively attenuate or abolish a variety of fear CRs in several mammalian species. In rats, amygdalar lesions impair both acquisition and expression of conditioned increase in blood pressure , potentiated startle (Hitchcock and Davis, 1986; Hitchcock and Davis, 1987) , analgesia (Helmstetter, 1992) , USV (Goldstein et al., 1996; Lee and Kim, 2004) , and freezing (Blanchard and Blanchard, 1972; Cousens and Otto, 1998; Iwata et al., 1986; . Similarly, reversible inactivation of neurons in BLA prior to fear conditioning, via infusing the g-aminobutyric acid (GABA A ) receptor agonist muscimol, blocks the acquisition of conditioned fear, while amygdalar muscimol infusions (prior to retention testing) in previously fear conditioned rats impair the expression of conditioned fear (Helmstetter and Bellgowan, 1994; Muller et al., 1997; Wilensky et al., 1999) . In rabbits, amygdalar lesions have been shown to impede conditioned bradycardia (deceleration in heart rate) Kapp et al., 1979) , whereas in cats, reversible cryogenic (cooling) inactivation of the CeA reduces conditioned blood pressure and respiratory responses (Zhang et al., 1986) .
In addition to affecting fear CRs, amygdalar lesions also interfere with the expression of fear URs. For instance, amygdalectomized rats are unable to display normal defensive freezing behavior in the presence of a cat predator (Blanchard and Blanchard, 1972) . Amygdalar lesions also reduce reactivity to the footshock US and block shockinduced sensitization of startle (Hitchcock et al., 1989; Kim and Davis, 1993 ; but see McGaugh, 1990 and . The fact that amygdalar lesions interfere with both fear CRs and URs suggests that the amygdala receives information about both CS and US, which satisfies an essential criterion for locus of associative learning.
Lesions restricted to particular structures afferent to the amygdala can impede fear conditioning to specific CS modalities. For example, lesions to the medial division of medial geniculate nucleus (mMGN) of the thalamus, which relays auditory information to the amygdala , block the formation of tone-footshock, but not lightfootshock, association (Campeau and Davis, 1995; LeDoux et al., 1986) . Similarly, in rabbits, Schneiderman and colleagues made partial lesions in the MGN (limited to the medial border) and found that the lesioned animals did not demonstrate differential bradycardia CRs to CSC (reinforced) and CSK (unreinforced) tones, even though the magnitude of the bradycardia response was not affected. Amygdalar lesions, by contrast, abolished the retention of differential fear conditioning of bradycardia in rabbits . These results suggest that the MGN relays auditory CS information to the amygdala, where fear conditioning is believed to take place. LeDoux and colleagues (Romanski and LeDoux, 1992) have elegantly shown that the MGN sends auditory information to the amygdala both directly (via the thalamo-amygdala pathway) and indirectly (via the thalamo-cortico-amygdala pathway), with each pathway fully capable of supporting auditory fear conditioning. On Fig. 1 . A putative amygdala-LTP model of fear conditioning. The CS and US information enters the amygdala through its basal (B) and lateral nuclei (LA) in which CS-US association formation is believed to take place via an associative LTP process. The neurons in the LA are interconnected with neurons in the CeA, which is thought to be the main amygdaloid output structure sending projections to various autonomic and somatomotor centers involved in mediating specific fear responses. the efferent side, the amygdala sends projections to particular hypothalamic and brainstem areas thought to mediate specific fear responses (Francis et al., 1981; Hitchcock et al., 1989; Iwata et al., 1986; . For instance, lesions to the lateral hypothalamus impair conditioned blood pressure response (but not conditioned freezing), whereas lesions to the ventrolateral portion of the periaqueductal gray (PAG) matter abolish conditioned freezing response (but not conditioned blood pressure) (LeDoux et al., 1988) . Lesions to the ventrolateral PAG also do not affect the expression of the conditioned bradycardia response in rabbits (Wilson and Kapp, 1994) .
These examples of double dissociations of CSs and CRs, as a result of restricted damages to afferent and efferent structures to the amygdala, are consistent with the view that the amygdala is the critical site of fear conditioning. Interestingly, recent lesion studies suggest that different amygdalar nuclei (e.g. the central nucleus vs. the basal nucleus of the amygdala) mediate independent fear learning systems (e.g. the CeA controls conditioned fear responses, whereas the BLA controls instrumental fear responses) (Amorapanth et al., 2000; Killcross et al., 1997; Nader and LeDoux, 1997) . The possible existence of multiple fear learning systems is perhaps not unexpected given the evolutionary importance of fear in survival.
Evidence from stimulation and recording studies
Electrical and chemical stimulation of specific regions in the amygdala have been shown to elicit conditioned fearlike responses. In rats, amygdala stimulation produces freezing (Weingarten and White, 1978) , cardiovascular changes (Iwata et al., 1987) , and enhanced startle responses (Rosen and Davis, 1988) . In rabbits, CeA stimulation induces bradycardia, pupillodilation, arrest of ongoing behavior (such as mouth and tongue movements), and enhanced amplitude of the nictitating membrane reflex (Applegate et al., 1983; Whalen and Kapp, 1991) . Stimulation of the lateral hypothalamus, an efferent target of the amygdala, generates cardiovascular responses in anesthetized rabbits (Gellman et al., 1981) . These findings suggest that the amygdala can activate an ensemble of fear responses and also inhibit competing responses that are incompatible with fear responses. In some cases, however, stimulation of the amygdala can interfere with aversive learning. For example, immediate post-training stimulation of the amygdala produces amnesia that impairs the formation of fear memory (Gold et al., 1975; McDonough and Kesner, 1971) . Presumably, post-training amygdalar stimulation interferes with fear conditioning-induced neuronal activities involved in the formation of fear memory.
Unit recording studies reveal that neurons in the CeA respond to both CS and US (Pascoe and Kapp, 1985) and undergo learning-related changes during fear conditioning (Applegate et al., 1983) . Using a differential conditioning paradigm, Pascoe and Kapp (1985) reported that CeA neurons exhibited selective increases in single unit activity to a tone (CSC) that signaled the US, but not to a different tone (CSK) that did not signal the US. The conditioned bradycardia response paralleled the neuronal response; it was observed preferentially during the reinforced tone presentation. In addition, the magnitude of the amygdalar unit activity correlated with the magnitude of the conditioned bradycardia response. It appears that during fear conditioning some form(s) of neurophysiological changes strengthen(s) the CS-amygdala pathway such that the CS now becomes capable of eliciting conditioned fear responses.
Evidence from pharmacological studies
Immediate post-training drug manipulations in the amygdala can impair or enhance aversive memories. In 1978, Gallagher and Kapp (1978) first demonstrated that infusions of the opioid receptor antagonist naloxone directly into the amygdala enhance fear conditioning. In contrast, infusions of the opioid agonist levorphanol reduced fear conditioning (Gallagher et al., 1981) . Subsequent studies indicate that the memory-enhancing effect of opiate antagonists is induced partly by blocking the endogenously released opioids from inhibiting the release of norepinepherine in the amygdala (McGaugh, 1989) . For instance, amygdalar infusions of the noradrenergic receptor antagonist propanolol impair the retention of an inhibitory avoidance memory (Gallagher et al., 1981) and block the memory-enhancing effect of naloxone (McGaugh et al., 1988) . In contrast to propanolol, post-training intraamygdalar infusions of norepinepherine enhance the retention of inhibitory avoidance memory (Liang et al., 1986) . Based on results from a wide array of pharmacological studies, McGaugh and colleagues (McGaugh, 1989 (McGaugh, , 2000 McGaugh and Cahill, 1997; McGaugh et al., 1996) proposed that interactions of opioid, GABA, noradrenergic, and cholinergic neurochemical systems in the amygdala modulate aversive learning. Recently, pre-training intraamygdalar infusions of the dopamine (D2) receptor antagonist eticlopride have been shown to markedly attenuate conditioned freezing, indicating that amygdaloid dopamine transmission also contributes to the formation of fear memories (Guarraci et al., 2000; Nader and LeDoux, 1999) . Dopamine has also been shown to gate LTP induction in lateral amygdala by suppressing thalamoamygdalo feedforward inhibition (Bissierre et al., 2003) . Finally, drugs (such as diazepam) that decrease fear or anxiety in humans, when infused directly into the amygdala, have been shown to attenuate fear conditioning in rats (Helmstetter, 1993) .
Several studies suggest that the N-methyl-D-aspartate (NMDA) subtype of the glutamate receptor in the amygdala might be involved in the synaptic plasticity process (i.e. LTP) underlying fear conditioning. Because NMDA receptors have been demonstrated to be critical for the induction (but not expression) of LTP in the hippocampus (e.g. the CA1 area), a similar type of synaptic plasticity in the amygdala has been proposed as a possible cellular mechanism subserving fear conditioning. Consistent with this notion, pre-training intra-amygdalar administrations of DL-2-amino-5-phosphonovaleric acid (APV or AP5)-a competitive NMDA receptor antagonist-have been shown to effectively block the acquisition of conditioned fear, as measured by fear-potentiated startle response (Miserendino et al., 1990) and freezing (Fanselow and Kim, 1994) . Other studies, however, that APV infusions into the amygdala also significantly impair the expression of conditioned fear (in previously fear-conditioned rats), as measured by a variety of fear responses including freezing, USV, analgesia, as well as potentiated startle (Fendt, 2001; Lee and Kim, 1998; Lee et al., 2001b; Maren et al., 1996b ). It appears then NMDA receptors are necessary for normal synaptic transmission in the amygdala, and therefore, overall functioning of the amygdala (Bauer et al., 2002) . In contrast to reliable pretraining drug effects, immediate post-training administration of APV has produced equivocal results on fear conditioning (Kim and McGaugh, 1992; Kim et al., 1991) .
It is important to note that results from immediate posttraining drug infusion studies employing instrumental fear conditioning are generally interpreted in the framework that the amygdala is critically involved in modulating consolidation (rather than formation) of fear memory, which is hypothesized to transpire outside the amygdala (Cahill et al., 1999; McGaugh, 2000) . In contrast, results from pretraining drug studies using classical fear conditioning are usually taken to support the view that the amygdala is critical for acquisition and storage of fear memory (Davis, 1997; Fendt and Fanselow, 1999; LeDoux, 2000) . In both instrumental and classical fear conditioning tasks, pretesting drug manipulations evaluate drug effects on the performance or expression of fear memory. For a drug effect to be unequivocally interpreted as impairing acquisition or consolidation of conditioned fear memory, the drug should interfere with fear conditioning only when administered either pre-training or immediate post-training, but not when administered pre-testing nor should there be state-dependent effects associated with the drug. Interestingly, immediate post-training drug effects have been demonstrated reliably in instrumental fear conditioning tasks but not in classical fear conditioning tasks, suggesting that these two procedurally different fear learning tasks do not share an entirely common learning and memory mechanisms (see Lee et al., 2001a for discussion) .
Consistent with the notion of the amygdala as the critical locus of fear memory storage, the acquisition of fear conditioning in rats appears to require RNA and protein synthesis in the amygdala. Pre-training intra-BLA infusions of the RNA synthesis inhibitor actinomycin-D significantly attenuate fear conditioning (to both tone and context CSs) and lower the level of RNA synthesis in the amygdala (Bailey et al., 1999) . Similarly, immediate post-training infusions of anisomycin (a protein synthesis inhibitor) and Rp-cAMPS (an inhibitor of protein kinase A) into the lateral amygdala (LA) impair fear conditioning . Once fear conditioning has been established or consolidated, intra-amygdalar infusions of actinomycin-D, anisomycin and Rp-cAMPS do not affect the expression of conditioned fear (Bailey et al., 1999; Schafe and LeDoux, 2000) . The fact that RNA and protein synthesis inhibitors selectively impair acquisition but not expression of conditioned fear suggests that synaptic transmission functions in the amygdala are not significantly compromised by the drugs. Regardless, these findings should be considered cautiously since it is unknown whether the drug effects are due to interfering with RNA and protein synthesis in neurons or in non-neuronal cells. For example, it is possible that inhibitions of RNA and protein synthesis in non-neuronal (e.g. glial) cells alter normal functioning of neurons (e.g. via altering glutamate neurotransmitter reuptake, glucose transport, etc.). Interestingly, previously consolidated fear memories, when reactivated during retrieval (i.e. during a brief conditioned tone test), appear to return to a labile state that again requires protein synthesis in the amygdala for reconsolidation .
Evidence from synaptic plasticity studies
LTP, which is frequently suggested as a candidate synaptic mnemonic mechanism in the hippocampus (Collingridge et al., 1983; Morris et al., 1990; Teyler and DiScenna, 1987) , has also been demonstrated in the amygdala, e.g. the external capsule-lateral nucleus of the amygdala (LA) pathway in vitro (Chapman and Bellavance, 1992; Chapman et al., 1990) , the internal capsule-LA pathway in vitro (Huang and Kandel, 1998) , the auditory thalamus-LA pathway in vivo (Clugnet and LeDoux, 1990) , and the subiculum-BLA pathway in vivo (Maren and Fanselow, 1995) . The auditory inputs from the MGN to the LA-a pathway involved in tone fear conditioning (LeDoux, 2000) -demonstrate an enhancement in auditory-evoked potentials (or LTP-like changes) after tone fear conditioning (Rogan and LeDoux, 1995; Rogan et al., 1997) . Similarly, amygdalar slices prepared from fearconditioned rats exhibit enhanced synaptic transmission in the MGN-amygdala pathway (Collins and Pare, 2000; McKernan and Shinnick-Gallagher, 1997; Quirk et al., 1997; Quirk et al., 1995; Repa et al., 2001; Rosenkranz and Grace, 2001 ). Thus, it has been postulated that Hebbian form of associative LTP in the amygdala is involved in fear conditioning (Blair et al., 2001; Clugnet and LeDoux, 1990; Davis, 1997; Fanselow and Kim, 1994; LeDoux, 2000; Maren and Fanselow, 1995; Miserendino et al., 1990) . Specifically, fear conditioning is thought to occur when initially weak CS path to the amygdala become strengthened (via LTP) by being temporally paired with strong US path to the amygdala. However, associative LTP with temporal parameters congruent to fear conditioning has yet to be demonstrated in the amygdala by stimulating CS and US input pathways to the amygdala.
As first demonstrated in the hippocampus (e.g. the Schaffer collateral/commissural-CA1 pathway), NMDA receptors have been implicated in the development of LTP in the amygdala. But unlike the CA1 LTP, where NMDA receptor antagonists have been shown to block the induction of LTP without impeding the normal synaptic transmission or affecting the expression of already established LTP, the precise role of the NMDA receptors in amygdalar LTP is unclear. In an earlier study, the APV concentration required to block the induction of LTP in the amygdala also markedly impaired normal synaptic transmission (Chapman and Bellavance, 1992) . Another study also failed to block amygdalar LTP with APV, but short-term potentiation was impaired by APV (Li et al., 1998) . Correspondingly, a single-unit recording study indicates that the normal auditory-evoked response in the amygdala is attenuated by APV, suggesting that the NMDA receptors are involved in the normal synaptic transmission of the thalamo-LA pathway that mediates auditory fear conditioning (Li et al., 1998) . Thus, the receptor mechanisms responsible for the induction of amygdalar LTP remain uncertain and may depend on the particular synapses and input pathway (Chapman et al., 1990; LeDoux, 2000; Weisskopf and LeDoux, 1999) .
In all amygdalar LTP studies performed up-to-date, single test pulse stimulation has been used to evaluate the effect of APV on 'normal' synaptic transmission. However, this is an artificial stimulation condition for assessing synaptic transmission. Under different stimulation patterns (for example, during a burst stimulation condition), the NMDA-mediated component of synaptic transmission might be large (due to depolarization relieving a voltagedependent Mg 2C blockade of the NMDA receptor channel), in which case APV will significantly interfere with synaptic transmission. Presumably, the pattern of afferent input activities to the amygdala representing the CS information (such as tone) will be considerably different from those generated with a single test pulse stimulation used in LTP studies.
Evidence from human studies
Recent findings from human neuropsychological and brain imaging studies also support the view that the amygdala is critically involved in fear conditioning. Patients with damage to the amygdala display a selective impairment in the recognition of facial expressions of fear (Adolphs et al., 1994) and also exhibit deficits in fear conditioning (LaBar et al., 1995) in contrast to normal subjects. Amygdalar-damaged patients are also impaired in recalling emotionally influenced memory (Cahill et al., 1995) . Correspondingly, imaging studies show that there is a significantly increased blood flow to the amygdala (as measured by fMRI) when normal subjects are presented with pictures of fearful faces (Morris et al., 1996) or are undergoing fear conditioning (Knight et al., 1999; LaBar et al., 1998) . Functional activation of the amygdala has also been observed (via PET) during free recall of emotional information . These sources of evidence are consistent with the view that the amygdala is involved in fear conditioning and/or processing emotional information.
A caveat to consider in interpreting human fear conditioning studies is the 'realness' of fear involved in the task. Prior to fear conditioning experiments, for example, researchers are required to provide certain details about the behavioral procedure to human subjects, and presumably the subjects know a priori that their life will not be at risk during the experiment. Also, the perceived and physical severity of the US will be considerably less in humans compared to animals. Under these conditions, it is possible that different engagements of neural structures may be obtained in human studies from those of animal studies.
Brain areas other than the amygdala
Most of the evidence presented to this point suggests that the amygdala is the site of fear conditioning. It is unclear, however, whether the amygdala is the permanent storage site for long-term fear memory. The site of learning is not necessarily the site of memory storage. For example, fear retention is abolished if the amygdala is lesioned (electrolytically) or reversibly inactivated (via infusions of a local anesthetic agent lidocaine) shortly (1 day) but not long (21 days) after inhibitory avoidance training (Liang et al., 1982) , suggesting that long-term fear memory is not stored in the amygdala. In contrast to inhibitory avoidance, amygdalar lesions made either shortly (1 day) or long (7 or 28 days) after training effectively abolish conditioned freezing response (Maren et al., 1996a) . Surprisingly, extensive overtraining mitigates amygdalar-lesion effects on fear conditioning (Kim and Davis, 1993) , as well as inhibitory avoidance (Parent et al., 1992) . Although these results indicate that the amygdala is a component of multiple fear systems in the brain, the fact that amygdala lesions (and inactivation) effectively abolish initial fear conditioning suggests that the amygdala may be the default fear learning structure.
Insular cortex
The insular cortex that receives and relays sensory (e.g. visual) information to the amygdala (Turner and Zimmer, 1984) may have some role in the storage of fear memory. Lesions to the most caudal aspect of the insular cortex impair retention of fear-potentiated startle with a visual CS (Rosen et al., 1992) . Similarly, reversible inactivation of the insular cortex by a Na C -channel blocker tetrodotoxin impairs retention of inhibitory avoidance memory (Bermudez-Rattoni et al., 1991).
Hippocampus
The hippocampus seems to be involved in certain types of conditioned fear memory. In rats, conditioned fear to a diffuse contextual cue, but not to a discrete tone cue, is abolished when the hippocampus is lesioned shortly (1 day) after conditioning (Anagnostars et al., 1999; Kim and Fanselow, 1992; Maren et al., 1997) . However, animals retain a considerable amount of contextual fear when a long delay (28 days) is imposed between the time of conditioning and the time of hippocampectomy. Thus, it appears that the hippocampus is transiently involved in storing contextual fear memory. Similarly, pre-training hippocampal lesions selectively block the acquisition of context fear memory, but not tone fear memory (Phillips and LeDoux, 1992) . Additionally, lesions to the nucleus accumbens (a target of hippocampal efferents) obstruct contextual fear conditioning without affecting auditory fear conditioning (Riedel et al., 1997) . Analogous to trace eyeblink conditioning in rabbits (Kim et al., 1995; Moyer et al., 1990; Solomon et al., 1986) , hippocampal lesions have also been shown to impair trace (but not delay) fear conditioning to an auditory CS in rats (as measured by freezing) (McEchron et al., 1998) and rabbits (as measured by heart rate) (McEchron et al., 2000) . The notion that the hippocampus is involved in contextual and trace fear conditioning are also supported by various knockout/transgenic mice studies. Specifically, mutant mice with deficient LTP in the hippocampus also exhibit deficits in contextual (but not tone) fear conditioning and trace (but not delay) fear conditioning (Abeliovich et al., 1993; Bourtchuladze et al., 1994; Huerta et al., 2000) . A recent study by Thompson and colleagues (Liu et al., 2004a) provides strong additional evidence for the correlation between hippocampal LTP and contextual fear. They have eloquently demonstrated that both contextual fear memory and hippocampal LTP deficits observed in brain-derived neurotropic factor (BDNF) knockout mice can be rescued by infusing BDNF proteins into the hippocampus. It should be noted that different hippocampal subregions have been implicated in different aspects of behavior, i.e. the dorsal subregion for spatial-related behaviors and the ventral subregion for anxiety-related behaviors (see Bannerman et al., 2004 for review). Thus, it is conceivable that different hippocampal subregions process different aspects of fear conditioning.
Perirhinal cortex
The perirhinal cortex, which is reciprocally connected to the hippocampus (both directly and indirectly via the entorhinal cortex), may be involved in early consolidation and/or storage of hippocampus-dependent contextual memory. Neurotoxic lesions of the perirhinal cortex made 1 day, but not 28 days, after training produce marked deficits in contextual fear memory (Bucci et al., 2000) .
Cerebellum
Finally, lesions of the cerebellar vermis in rats have been reported to abolish the conditioned autonomic response (heart rate) without affecting the unconditioned autonomic response (Supple and Leaton, 1990) . The vermal lesioned rats also exhibit less freezing to a cat predator and fewer signs of fear in an open field (Supple et al., 1987) . In rabbits, during fear conditioning, single unit recordings of Purkinje cells in the vermis demonstrate selective increases in activity to a tone (CSC) that signaled the US, but not to a different tone (CSK) that did not signal the US. The differential unit activities of Purkinje cells correlated with the behavioral conditioned autonomic response (Supple et al., 1993) . Recent studies have shown that tetrodotoxininduced reversible inactivation of the cerebellar cortex abolishes the retention of conditioned fear memory (Sacchetti et al., 2002) , and that fear conditioning induces LTP in the parallel fibers-Purkinje cell synapses in vermal lobules V-VI (Sacchetti et al., 2004) . These results indicate that the cerebellar vermis may be an important part of the fear conditioning circuit and modulates fear-related behaviors.
Other critical issues
Although much is known about the neuroanatomy and neural mechanisms underlying fear conditioning, there are several unresolved and conflicting issues in the field that warrant discussion. This section will highlight four key issues in fear conditioning. What is the essential US pathway? What is the role of NMDA receptors in amygdalar LTP? Is the amygdala the permanent storage site of fear memory? And, what is the precise intra-amygdala circuit mediating fear conditioning?
Essential US pathway in fear conditioning
While the CS pathway (specifically the auditory projection) to the amygdala is relatively well defined, the footshock (US) pathway to the amygdala has not been adequately delineated. One study reported that combined lesions of the posterior extension of the intralaminar complex (PINT) and caudal insular cortex (INS) block acquisition of fear-potentiated startle, and proposed that PINT-INS projections to the amygdala constitute the essential US pathways involved in fear conditioning (Shi and Davis, 1999) . However, another study (Brunzell and Kim, 2001) reported that fear conditioning (as assessed by freezing) was unaffected by either pre-training or posttraining PINT-INS lesions. Specifically, Brunzell and Kim (Brunzell and Kim, 2001) found that pre-training lesions in naïve animals do not block the acquisition of fear conditioning, and post-training lesions in previously fear conditioned animals do not lead to extinction of the CR with continued CS-US training (as would be predicted if the US information does not indeed reach the site of learning). Thus, it appears that the footshock (US) pathway is comprised of diffuse, multiple somatosensory pathways to the amygdala (Brunzell and Kim, 2001 ). Additional research is required to understand the specific role of the US information-as relayed via tactile vs. nociception pathways-in fear conditioning. Interestingly, a very recent study paired an auditory CS with a shock US delivered to one eyelid while the amygdala was unilaterally inactivated (via local infusions of the GABA A receptor agonist muscimol) and found that acquisition and expression of conditioned freezing entirely depended upon the amygdala contralateral (but not ipsilateral) to the shocked eyelid (Blair et al., 2004) . This finding offers a powerful means to make a within-subject comparison (i.e. ipsilateral and contralateral amygdalae to the shocked eyelid) in fear conditioning studies employing neurophysiological, neurochemical and molecular biological techniques.
Roles of NMDA receptors in amygdalar LTP
As previously mentioned, LTP in the amygdala (demonstrated both in vivo and in vitro) is commonly suggested as a putative synaptic mechanism through which acquired fear is encoded in the amygdala. However, the receptor mechanisms responsible for the induction and expression of amygdalar LTP remain ambiguous and may depend on the particular synapses and input pathway (Chapman et al., 1990; LeDoux, 2000; Weisskopf and LeDoux, 1999) , as demonstrated in the hippocampus (Grover and Teyler, 1990; Harris and Cotman, 1986; Johnston et al., 1992; Staubli and Lynch, 1990; Zalutsky and Nicoll, 1990) . One study (Chapman and Bellavance, 1992) reported that APV blocks LTP induction in the BLA, but only in such high concentrations that the drug markedly impairs normal synaptic transmission. Bauer et al. (2002) also showed that APV blocks synaptic transmission and LTP (but see Huang and Kandel, 1998) . Similarly, singleunit recordings indicate that normal auditory-evoked responses in the amygdala are considerably attenuated by APV, suggesting that NMDA receptors are involved in normal synaptic transmission of the auditory pathway to the LA that mediates auditory fear conditioning (Li et al., 1995) . Davis and colleagues Miserendino et al., 1990) initially reported that APV (an NMDA receptor antagonist) infusions into the amygdala selectively block acquisition, but not expression, of conditioned fear, as measured by fear-potentiated startle. Their finding is remarkably similar to the effects of APV on hippocampal LTP, i.e. blocking induction without affecting expression of the Schaffer collateral/commissural-CA1 LTP (Collingridge et al., 1983) . However, other studies have shown that intra-amygdalar infusions of APV dramatically interfere with the expression of multiple measures of conditioned fear, such as freezing (Lee and Kim, 2004; Maren et al., 1996b) , USV, analgesia, defecation (Lee et al., 2001b) , as well as fear-potentiated startle (Fendt, 2001 ); these results indicate that amygdalar NMDA receptors participate in normal synaptic transmission and thus the overall functioning of the amygdala. In contrast to APV (which blocks the entire heteromeric NMDA receptor complex, i.e. NR1-NR2A and NR1-NR2B), the NR2B subunit-selective antagonist ifenprodil in the amygdala prevents acquisition (in absence of affecting expression) of conditioned freezing ) and blocks amygdalar LTP (Bauer et al., 2002) . However, the ifenprodil effects on fear conditioning and amygdala-LTP appear to contrast with NMDA receptor subtype mechanisms in the hippocampal LTP. A very recent study demonstrated that selective blockade of NMDA receptors that contain the NR2B subunit (such as by adding ifenprodil) abolishes the induction of LTD but not LTP (Liu et al., 2004b) . In contrast, blockade of NR2A-containing NMDA receptors blocked LTP, but not LTD, induction. Clearly, additional studies are necessary to understand the precise receptor mechanisms of synaptic plasticity underlying fear conditioning in the amygdala.
Permanent storage site(s) of fear memory
If the notion that the amygdala is the locus of fear memory trace is correct, then amygdalar damage should completely and permanently block fear conditioning. However, evidence from conditioned fear and inhibitory avoidance studies provides conflicting results. Recall that Pavlovian fear conditioning and inhibitory avoidance are considered to be two procedurally different fear tasks. McGaugh and colleagues reported that although amygdalar lesions affect inhibitory avoidance learning, animals can still learn and retain fear when they are overtrained, which indicates that the amygdala is not necessary for fear learning (Parent et al., 1992) . Rats that received more training prior to lesions also exhibited far greater retention of inhibitory avoidance memory. Similarly, amygdalectomized rats learned inhibitory avoidance task when trained extensively. Furthermore, retention of inhibitory avoidance memory is abolished if amygdalar lesions are made shortly after training, but not several days after training (Liang et al., 1982) . In contrast to inhibitory avoidance results, the retention of conditioned fear (as measured by freezing) is completely abolished whether amygdalar lesions are made shortly or long after training (Maren et al., 1996a) , which indicates that the amygdala is necessary for Pavlovian fear conditioning. However, overtraining has been shown to mitigate the amygdala lesion effects on fear conditioning (Kim and Davis, 1993) , suggesting that under special circumstances fear conditioning can occur in the absence of the amygdala. Recently, it has been reported that amygdalar-lesioned rats, exhibiting impairments in conditioned freezing, are capable of demonstrating inhibitory avoidance behavior when both responses are simultaneously assessed in a Y-maze task (Vazdarjanova and McGaugh, 1998) . Based on the observation that amygdalar lesions abolish both conditioned and unconditioned freezing but not avoidance behavior, Cahill, Weinberger, Roozendaal and McGaugh (Cahill et al., 1999) suggested that the amygdala is critical for the expression (or performance) of reflexive fear reactions rather than the actual learning and storage of fear memory. Instead, based on a series of inhibitory avoidance and immediate posttraining drug injection studies, McGaugh and colleagues proposed that the amygdala critically modulates the consolidation of memory occurring in extra-amygdalar structure(s) (McGaugh, 2000; McGaugh et al., 1996 ). It appears then that studies employing classical fear conditioning and inhibitory (passive) avoidance provide different insights into the neuronal substrate(s) underlying fear learning and memory. If a common neural mechanism(s) mediates both conditioned fear and inhibitory avoidance, then pharmacological manipulations influencing inhibitory avoidance learning should also affect fear conditioning in a similar manner. However, several studies employing rats and mice found that conditioned fear is not susceptible to memory modulation by various drugs when conducted in the manner described in inhibitory avoidance tasks (Lee et al., 2001a; Wilensky et al., 1999) . Given the discrepancy of these findings from conditioned fear and inhibitory avoidance studies, it is clear that further studies are necessary in understanding the precise role of the amygdala in fear conditioning.
Intra-amygdala circuit
Finally, as previously mentioned, it is generally hypothesized that neurons in the BLA support the formation of conditioned fear memory and project to neurons in the CeA for the expression of conditioned fear responses. According to this serial processing-transmission view, damage to either BLA or CeA would comparably disrupt the expression of conditioned responses. In support, neurotoxic lesions of CeA neurons have been reported to abolish the expression of conditioned freezing (Goosens and Maren, 2001 ) and fear-potentiated startle (Campeau and Davis, 1995) . Neither study, however, performed fiber staining to confirm that chemical lesions were specific to CeA neurons and did not include the fibers of passage. Neurotoxic lesions can damage fibers of passage in various areas of brain (Coffey et al., 1988; Jarrard, 1989) , including CeA (Frey et al., 1997) . In a very recent study (Koo et al., 2004) , neurotoxic lesions of CeA neurons (confirmed by thionin dye and NeuN antibody staining) in the absence of damaging the fibers of passage (confirmed by myelin staining) were found to produce only mild deficits in conditioned fear responses. In contrast, neurotoxic lesions of BLA neurons produced robust deficits. These results do not support the currently held BLA-to-CeA serial processing-transmission view of fear conditioning, and instead suggest a parallel processing in the amygdala is involved in fear conditioning (see Koo et al., 2004 for discussion).
Prefrontal cortex and extinction
If a CS (in absence of US) is presented repeatedly to a fear-conditioned animal, the amplitude and frequency of the conditioned fear gradually decreases. This process, extinction, is believed to represent a form of new learning rather than forgetting of a previously established CS-US association, because extinction is context-specific (renewal), and an extinguished fear CR to the CS reappears with passage of time (spontaneous recovery) or after the US is presented alone without pairing with the CS (reinstatement) (see Myers and Davis, 2002 for review) . It is thus likely that, following extinction, the memory for CS-US association is actively inhibited by a new memory that 'the CS no longer predicts the US'. Recently, the prefrontal cortex (PFC) has been proposed as an essential brain area for the extinction of conditioned fear. In a general sense, this proposal makes sense considering the role of the PFC in the inhibitory control of maladaptive behaviors. When a CS no longer signals a US, it would be beneficial for an animal to refrain from committing previously adaptive, but now unnecessary behavior (fear responses to the CS). In this regard, the PFC is known to project directly to a number of subcortical brain structures, including amygdala and hypothalamus, exerting inhibitory influences (Fuster, 1997) . Stimulation of the PFC inhibits discharges of amygdaloid neurons (Quirk et al., 2003; Grace, 2001, 2002) and reduces conditioned fear responses of the animal (Milad and Quirk, 2002; Milad et al., 2004 ). An inverse relationship between amygdala and PFC activation was also observed in humans (Kim et al., 2003; Ochsner et al., 2002) . Thus, it is quite plausible that the PFC acts as an inhibitor for the amygdala, suppressing a CR after the CS has been presented a number of times without pairing with the US. Behavioral and physiological studies supporting this possibility have been reported, but the picture is far from clear at the moment. Morgan et al. (1993) were the first to report the effect of PFC lesions on fear extinction. Following pre-training lesions of the ventral medial PFC (vmPFC; infralimbic and prelimbic cortex) of rats, extinction to a CS (tone), but not to context, was delayed ('emotional perseveration'). The lesion had no effect on the initial acquisition of CS-or context-induced freezing, indicating that the vmPFC is specifically involved in the extinction of CS-induced fear response. However, Gewirtz et al. (1997) , using both preand post-conditioning lesions, reported no difference between control and vmPFC-lesioned rats in the extinction (as well as conditioned inhibition) of fear responses (assessing both freezing and startle reflex), which contradicts the original report. Quirk et al. (2000) , using a different conditioning-extinction protocol (conditioning and extinction in 1 day), reported that the vmPFC lesion did not affect acquisition or within-trial extinction of CSinduced freezing, but impaired recall of extinction on the next day. The lesioned rats showed a high level of freezing (similar to pre-extinction level) to the CS on day 2, indicating impairment in the retention of extinction memory. Because previous studies (Gewirtz et al., 1997; Morgan et al., 1993) employed extinction across multiple days, no extinction memory in lesioned animals on day 2 is not consistent with the report by Gewirtz et al. (1997) . On the other hand, it is consistent with the study showing that extinction on day 2, but not the acquisition of conditioned fear on day 1, is delayed in the rats injected with 6-hydroxydopamine so that dopamine is depleted in the medial PFC (mPFC) (Morrow et al., 1999) . A subsequent study (Santini et al., 2004) found that infusion of a protein synthesis inhibitor in the mPFC blocks retention of extinction memory only within a certain time window (4 h) following induction of extinction. Because injection of an NMDA receptor antagonist or a mitogen-activated protein kinase inhibitor into the amygdala blocks extinction of fear (Davis et al., 2003) , it has been proposed that extinction memory goes through a consolidation process, initially from the amygdala afterward to the vmPFC (Santini et al., 2004) . In a recent study, Morgan et al. (2003) , using post-conditioning lesions of the vmPFC, found no significant effect of vmPFC lesions on extinction in rats, which is consistent with the study by Gewirtz et al. (1997) . However, the lesioned animals showed reduced retention of contextinduced (but not CS-induced) freezing compared with control animals. They also showed increased freezing during reacquisition (to both CS and context) and reextinction took longer. As such, interpretation of the results is not straightforward, especially when combined with their own (Morgan et al., 1993) or other studies (Quirk et al., 2000; Santini et al., 2004) . One implication of this study is that vmPFC is normally involved in utilizing inhibitory association developed during extinction. Regarding other parts of the PFC, behavioral studies found no evidence for their involvement in fear extinction. Lesions in the dorsal medial PFC enhanced fear reactivity, but did not alter the rate of extinction in rats (Morgan and LeDoux, 1995) or mice (Vouimba et al., 2000) . Likewise, lesions in the ventrolateral PFC had no effect on fear extinction in rats (Morgan and LeDoux, 1999) . These results point to the importance of the vmPFC, if any, in the extinction of conditioned fear. In contrast, a recent metabolic mapping study has shown that fear extinction is correlated with enhanced labeling in several different regions of the PFC in mice. Further, the degrees of metabolic mapping in these brain areas were well correlated with behavior (freezing) (Barrett et al., 2003) , suggesting that interactions among multiple brain regions, especially among different parts of the PFC, play important roles in extinction. On the whole, behavioral studies have not generated consistent results, and some reports conflict each other.
Behavioral studies

Physiological studies
Neurophysiological studies also provide evidence for the involvement of PFC in extinction. Milad and Quirk (2002) have shown that neurons in rat infralimbic cortex signal extinction memory. These cells were not responsive to a CS (tone) during conditioning on the first day of extinction, but showed significant responses to the CS presentation only on day 2, suggesting that they signal memory for extinction. Moreover, infralimbic stimulation paired with the CS reduced freezing and accelerated extinction learning. These data fit nicely with their previous behavioral study (Quirk et al., 2000) . Unfortunately, physiological data are not without conflicts. Previous studies have shown that mPFC neural activity correlates well with the degree of fear conditioning in rabbits (Gibbs and Powell, 1988; Powell et al., 1996) and mice . In fear-conditioned rats, Baeg et al. (2001) have shown that the majority (w75%) of neurons in the prelimbic and infralimbic cortex respond significantly to a CS (tone). Neural responses gradually disappeared as extinction progressed and were reinstated by reacquisition of fear conditioning. A recent human brain imaging study also reported reduced activation of the mPFC during fear conditioning, which diminished as extinction progressed (Phelps et al., 2004) . These studies show strong and extensive neural correlates of conditioned fear in the mPFC. This is in contrast with the study by Milad and Quirk (2002) which did not find significant neuronal responses to the CS during conditioning or extinction on day 1 in the infralimbic cortex. It is not clear why such radically different results were obtained from the same region of the brain in a similar fear conditioning task. Herry et al. (1999) have shown that synaptic responses between thalamus and mPFC undergo a sequence of depression and potentiation during extinction of freezing to a tone in rats. This result indicates that synaptic weights of mPFC neurons undergo alterations during within-trial extinction. This study is well in line with the results of Baeg et al. (2001) which showed unit response changes during within-trial extinction. Although synaptic weight changes do not directly map onto unit activity changes, it is unlikely that such large changes in synaptic weight are without effect on unit activity. This is especially so considering that induction of LTP or LTD in this pathway alters extinction and retention of extinction at behavioral level (Herry and Garcia, 2002) . Combined, physiological studies raise the possibility that memories for both CS-US association and extinction are represented in the PFC, which is supported by a recent human brain imaging study (Gottffried and Dolan, 2004) . Studies employing dopamine manipulation also suggest the role of PFC dopamine in the expression as well as extinction of conditioned fear (see Pezze and Feldon, 2004 for review).
In sum, current understanding of the neural basis of fear extinction is much poorer compared with the acquisition of conditioned fear. The PFC has been proposed to play an important role in the extinction of learned fear and there exist behavioral and physiological data supporting this proposal. The reports are, however, not all consistent and often conflicting. Obviously, there remain more questions than answers regarding the role of the PFC in fear extinction.
Concluding remarks
In recent decades, a significant progress has been made in the delineation of the essential neural circuit and synaptic mechanism involved in fear conditioning. While the amygdala-LTP hypothesis of fear conditioning has garnered vast empirical supports, there are also incompatible data and alternative hypothesis that require consideration. Additionally, recent excitement that the prefrontal cortex-amygdala interaction may play a crucial role in the extinction of conditioned fear warrants careful examination in lieu of inconsistent results. These issues will be critical in the search of cellular-molecular substrates underlying fear conditioning and extinction. Finally, because many of the fear responses observed in fear conditioning paradigms closely resemble the characteristic behavioral and physiological symptoms of human anxiety disorders, it is generally accepted that understanding the biological mechanisms of fear acquisition and extinction will have vital clinical relevance. While perhaps true, it should be cautioned that the fact that the symptomatic manifestation of anxiety disorders is similar to the fear responses observed in fear conditioning does not necessarily mean that the underlying neuronal substrates of fear and anxiety are the same (post hoc, ergo propter hoc).
